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p-type hydrogenatedmicrocrystalline silicon oxide (𝜇c-SiO
𝑥
:H)was developed and implemented as a contact layer in hydrogenated
amorphous silicon (a-Si:H) single junction solar cells. Higher transparency, sufficient electrical conductivity, low ohmic contact
to sputtered ZnO:Al, and tunable refractive index make p-type 𝜇c-SiO
𝑥
:H a promising alternative to the commonly used p-
type hydrogenated microcrystalline silicon (𝜇c-Si:H) contact layers. In this work, p-type 𝜇c-SiO
𝑥
:H layers were fabricated with
a conductivity of up to 10−2 S/cm and a Raman crystallinity of above 60%. Furthermore, we present p-type 𝜇c-SiO
𝑥
:H films with
a broad range of optical properties (2.1 eV < band gap 𝐸
04
< 2.8 eV and 1.6 < refractive index 𝑛 < 2.6). These properties can be
tuned by adapting deposition parameters, for example, the CO
2
/SiH
4
deposition gas ratio. A conversion efficiency improvement of
a-Si:H solar cells is achieved by applying p-type 𝜇c-SiO
𝑥
:H contact layer compared to the standard p-type 𝜇c-Si:H contact layer. As
another aspect, the influence of the front side texture on a-Si:H p-i-n solar cells with different p-type contact layers, 𝜇c-Si:H and
𝜇c-SiO
𝑥
:H, is investigated. Furthermore, we discuss the correlation between the decrease of 𝑉oc and the cell surface area derived
from AFMmeasurements.
1. Introduction
There has been a continuous interest in the development
and application of hydrogenated microcrystalline silicon
oxide (𝜇c-SiOx:H). It can be used as an intermediate reflec-
tor in thin-film silicon tandem solar cells containing a
hydrogenated amorphous silicon (a-Si:H) top cell and a
hydrogenated microcrystalline silicon (𝜇c-Si:H) bottom cell
connected in series, as reported in previous studies [1–5]. In
this work, we focus on the development and application of p-
type 𝜇c-SiOx:H in thin-film silicon solar cells, that is, a mixed
phase material containing a 𝜇c-Si:H and an amorphous
silicon oxide (a-SiOx:H) phase. These two phases result in
a material with versatile properties. It has been proposed
that the 𝜇c-Si:H phase provides high electrical conductivity,
while the a-SiOx:H phase improves the transparency and
decreases the refractive index of the material [6]. Our state-
of-the-art p-type layer stack, which is used in amorphous
single junction or tandem solar cells fabricated on sputtered
aluminum doped zinc oxides (ZnO:Al) front side TCO
(transparent conductive oxide), included a p-type 𝜇c-Si:H
contact layer. It provides a low resistive TCO/p contact, as
discussed elsewhere [7–9], but causes an additional parasitic
absorption; detailed examination is shown in reference [6,
10]. In order to overcome this issue, a p-type 𝜇c-SiOx:H
material with a high transparency and sufficient conductivity
was developed [6, 11]. Moreover, it is reported that the
refractive index 𝑛 of p-type 𝜇c-SiOx:H can be tuned in the
broad range (2–3.5) [10]. Thus, this material is a promising
candidate to be integrated as an antireflection layer between
the front side TCO and the silicon solar cell.
In the present study, we report on the development of
p-type microcrystalline silicon oxide material, fabricated by
plasma enhanced chemical vapor deposition (PECVD), as
single layer and its application in amorphous silicon single
junction solar cells. Effects caused by variation of CO
2
/SiH
4
ratio, layer thickness, and the dopant gas concentration are
presented. In a second step, a-Si:H solar cells with two
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Table 1: Overview of deposition parameters for the p-type 𝜇c-SiO
𝑥
:H layer deposition by PECVD.
Power density/W/cm2 Frequency/MHz Pressure/mbar Temperature/∘C H2 dil.(SiH4:H2)
𝑟CO2 𝑟TMB
0.5 13.56 13.3 220 4.2 : 2000 1.2–6.0 0–0.036
different p-type contact layers (p-type 𝜇c-Si:H and p-type 𝜇c-
SiOx:H) were deposited on four different front side TCOs to
investigate the influence of the surface texture on the solar
cell’s IV-characteristics, external quantum efficiency (EQE),
and reflectance.
2. Experimental Details
We have deposited p-type 𝜇c-SiOx:H layers with a thickness
of several hundred nanometers by an RF-PECVD system (30
× 30 cm2; 13.56MHz), suitable for four 10 × 10 cm2 substrates.
The process gases used were silane (SiH
4
), trimethylborane
2.54% (B(CH
3
)
3
-TMB) diluted in helium (He) from the
company Praxair, and hydrogen (H
2
) and carbon dioxide
(CO
2
) from the company Linde. They were applied to the
process through a showerhead electrode. The electrode gap
was 12.5mm and the temperature during deposition was
220∘C. Corning Eagle XG glass was used as substrates for
the 𝜇c-SiOx:H layer development. The deposition rate was
about 1 A˚/s. Development of p-type 𝜇c-SiOx:H layers applied
in solar cells was carried out on sputtered ZnO:Al as front
TCO, whichwas wet-chemically etched in diluted hydrochlo-
ric acid (HCl) for texturing the materials surface: detailed
investigations are shown elsewhere [12–14].
Commonly, we use the ratio between the CO
2
-flow 𝜙CO
2
and the SiH
4
-flow 𝜙SiH
4
defined as
𝑟CO
2
=
𝜙CO
2
𝜙SiH
4
. (1)
Likewise, we use the ratio between the TMB-flow 𝜙TMB
and the SiH
4
-flow 𝜙SiH
4
:
𝑟TMB =
𝜙TMB
𝜙SiH
4
. (2)
Because TMB is diluted (2.54% TMB in He), the net
TMB-flow 𝜙TMB is only 2.54% of the value set for the mass
flow controller. In the following, all gas flows are presented as
net gas flows.
The oxygen content in the material was quantified by
using Rutherford backscattering spectrometry (RBS) and is
presented as the oxygen to silicon ratio 𝑟O,RBS. Detailed
experimental descriptions can be found in [15].
In order to produce material with a high crystalline
volume fraction, the H
2
dilution (ratio between SiH
4
- and
H
2
-flow) was kept at a constant ratio of 4.2 : 2000, while
tuning the CO
2
- or TMB-flow in the PECVD process. For
variations done for the CO
2
/SiH
4
ratio 𝑟CO
2
, the TMB/SiH
4
ratio 𝑟TMB was set at 0.005. For variations done for 𝑟TMB, the
CO
2
/SiH
4
ratio was set at 2.4. An overview of the deposition
parameters is given in Table 1.
Glass
ZnO
a-Si:H p-i-n
Back contact
⟨p⟩𝜇c-SiOx :H
Figure 1: Scheme of an a-Si:H solar cell in p-i-n configuration
containing p-type 𝜇c-SiO
𝑥
:H as a window layer.
Figure 1 shows a scheme of a hydrogenated amorphous
thin-film silicon (a-Si:H) solar cell with intergraded p-type
𝜇c-SiOx:H as a contact layer at the ZnO/Si interface instead
of a p-type 𝜇c-Si:H contact layer. Solar cells were deposited
with a variation in thickness and TMB-flow for the p-type
𝜇c-SiO
𝑥
:H layer. For the thickness variation, the 𝑟CO
2
was 2.4
and for 𝑟TMB was 0.0014.
Weused photothermal deflection spectroscopy (PDS) as a
highly sensitive tool for the investigation of optical absorption
[16]. The setup consists of a cavity filled with CCl
4
which
surrounds the sample. Amonochromatic chopped light beam
illuminates the sample in a wavelength range of 310 nm <
𝜆 < 2600 nm. The heat generation in the sample due to
absorption and the heat transfer to the surrounding fluid
cause a change of the refractive index of CCl
4
which is
detected by a passing laser beam.The band gap 𝐸
04
is defined
as the photon energy at which the absorption coefficient
𝛼 is 104 cm−1. The refractive indices 𝑛 (𝑛
1000 nm) at a wave-
length of 𝜆 = 1000 nm have been calculated from reflection
and transmission measurements using the Fresnel equation,
described in more detail in [3]. The electrical conductivity
was measured in planar direction. For the estimation of the
crystalline volume fraction (Ic), Raman spectroscopy (𝜆 =
488 nm)was used [17]. For Ic, the ratio between the integrated
peak signal at 520 cm−1 to the total integral (a-SiOx:H and
𝜇c-Si:H) was calculated [3]. For IV-measurements under AM
1.5 illumination a double source sun simulator (class-A) was
used. In all cases, an average value of the best three solar cells
of one sample containing 18 cells (10× 10mm2 each)was used.
The external quantum efficiency (EQE) measurements were
carried out by a monochromatic chopped probe beam with
10 nm resolution in a wavelength range from 300 to 800 nm.
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Table 2:Overview of front TCOs and applied procedures; autocorrelation length (ACL) and rootmean square (RMS) roughness are presented
as a measure of surface texture.
Type Front TCO 1st treatment 2nd treatment ACL/nm RMS/nm
A ZnO:Al 40 s HCl — 715 110
B ZnO:Al 20 s HF 5 s HCl 490 85
C ZnO:Al 30 s HCl 10 s HF 630 125
D SnO2:F (AsahiU) 50 nm ZnO:Al protection layer 195 40
To investigate the influence of the front side TCO texture
on the solar cell performance and light management, a-
Si:H solar cells with p-type 𝜇c-Si:H or p-type 𝜇c-SiOx:H as
a contact layer were deposited. An overview of the front
side TCOs can be found in Table 2. Three types of etching
procedures were applied to the sputtered ZnO:Al containing
HCl etched (type A), firstly HF and subsequently HCl (type
B) [18] and firstly HCl and subsequently HF etched ZnO:Al
(typeC) [19]. A concentration of 0.5wt% forHCl and of 1 wt%
forHFwas used. As a comparison to a commercially available
front TCO,Asahi typeU SnO
2
:F (typeD), covered by a 50 nm
thick ZnO:Al layer for protection reasons against reduction
due to the hydrogen plasma, was also used.
The different TCOs were imaged by scanning electron
microscopy (SEM). The surface topographies and character-
istic feature sizes were measured and statistically analyzed by
atomic force microscopy (AFM, NanoStation 300, SIS). The
root mean square (RMS) roughness and the autocorrelation
length (ACL), which describes the lateral size of a surface
structure, are taken as a measure.
3. Results
3.1. p-Type 𝜇c-SiOx:H Material Development. Figure 2(a)
shows the conductivity 𝜎 as a function of the band gap𝐸
04
for
p-type𝜇c-SiOx:H. A broad range of𝐸04 and𝜎 can be achieved
with variation of the CO
2
gas flow, as indicated at the top
of the graph. By increasing CO
2
/SiH
4
ratio 𝑟CO
2
from 1.2 to
6, the band gap increases from 2.2 to 2.8 eV. In the course
of this parameter variation, the refractive index 𝑛 decreases
from2.6 to 1.6, as shown in Figure 2(b). Also, the conductivity
drops from 1.6 × 10−2 to 2 × 10−12 S/cm by increasing 𝑟CO
2
.
From literature, it is known that window layers for solar cell
applications should have a conductivity of >10−6 S/cm when
prepared as several hundred nanometer thick single layer on
glass [20]. This limit is shown by the dashed line in Figures
2(a) and 2(b).
Figure 3(a) shows the oxygen/silicon ratio measured by
RBS 𝑟O,RBS as a function of the CO2/SiH4-ratio 𝑟CO
2
. A linear
dependency between both values within the investigated
range can be seen. Figure 3(b) shows the electrical conduc-
tivity 𝜎 and Raman crystallinity Ic of p-type 𝜇c-SiOx:H as
a function of 𝑟CO
2
and versus 𝑟TMB in Figure 4. To provide
a sufficient conductivity of the p-type 𝜇c-SiOx:H, a certain
crystalline volume fraction is required, as reported in [4, 11].
The crystalline volume fraction Ic of the p-type 𝜇c-SiOx:H
material is between 39% and 48% for an 𝑟CO
2
from 1.2 to 3.6.
Themaximumof Ic is at an 𝑟CO
2
= 2.4. For an 𝑟CO
2
higher than
3.6, the crystalline volume fraction is almost zero. This drop
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Figure 2: (a) Conductivity 𝜎 as a function of band gap energy
𝐸
04
for various 𝜇c-SiO
𝑥
:H thin films. (b) Conductivity 𝜎 as a
function of refractive index 𝑛
1000 nm. Dashed lines mark the required
conductivity for a solar cell device aiming at a high FF. The increase
in CO
2
/SiH
4
ratio is indicated by an arrow at the top of the graph.
in 𝜎 coincides with the decrease of the Raman intensity ratio
Ic. Furthermore, it is observed that with higher 𝑟CO
2
, the value
for conductivity decreases from 1.7 × 10−2 S/cm to 10−12 S/cm
which is close to the detection limit of the measurement
system. For the (later) application in solar cells, a p-type 𝜇c-
SiOx:H material with an oxygen/silicon ratio of 0.5 was used.
Another important process parameter for the develop-
ment of p-type 𝜇c-SiOx:H is the TMB gas flow, which is
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Figure 3: (a) Oxygen/silicon ratio measured using RBS. (b) Con-
ductivity 𝜎 and Raman intensity ratio I
𝑐
of p-type 𝜇c-SiO
𝑥
:H layer
as a function of CO
2
/SiH
4
-ratio. The dashed line in (b) marks the
required conductivity for a solar cell devicewith high FF.Thedashed
line in (a) is a guide to the eye.
the dopant gas source. Figure 4 shows a sharp decrease of
the crystalline volume fraction Ic from 69% to 5% caused
by a slight increase of 𝑟TMB from 0 to 0.01. For higher
𝑟TMB values the material becomes fully amorphous. From
this figure, it is also apparent that the conductivity of the
material is in the range of 1 × 10−10 S/cm when no dopant
was added. With a little admixture of TMB (𝑟TMB = 0.002),
the conductivity increases to 3 × 10−6 S/cm. The maximum
of 𝜎 is found for 𝑟TMB = 0.005 at 𝜎 = 3 × 10
−5 S/cm.
For values, 𝑟TMB < 0.005, a TMB admixture improves the
conductivity due to an increase in the dopant concentration,
whereas a further increase of TMB leads to the opposite
effect due to the reduced crystalline volume fraction. For fully
amorphous materials the conductivity remains at a level of
around 10−8 S/cm.
3.2. Implementation of p-Type 𝜇c-SiOx:H Contact Layers to
Solar Cells. Figure 5 shows IV-curves of a-Si:H solar cells
with varied thicknesses of p-type 𝜇c-SiOx:H layers (2 nm
to 8 nm). The solar cells are deposited on an HCl etched
ZnO:Al (type A). The layer thickness was calculated from
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Figure 4: Conductivity 𝜎 and Raman intensity ratio I
𝑐
as a function
of TMB/SiH
4
-ratio 𝑟TMB. The dashed line is a guide to the eye.
the deposition rate of 1 A˚/s. The reference solar cell with a
p-type 𝜇c-Si:H contact layer and a solar cell without contact
layer, that is, only a p-type a-SiC:H layer, are also shown
here.The applied p-type𝜇c-SiOx:H contact layers have a band
gap of 2.3 eV, a refractive index of 2.3, and a conductivity
of 3 × 10−5 S/cm. The reference solar cell with a p-type 𝜇c-
Si:H contact layer has a fill factor of 69.2%. For the a-Si:H
cell without contact layer, an “S-” shape of the IV-curve is
observed resulting in a FF of only 59.6%. p-type 𝜇c-SiOx:H
layers of different thicknesses were used to replace p-type 𝜇c-
Si:H; see Figure 1. Clear differences regarding the FF can be
seen here. Increasing the thickness of the p-type 𝜇c-SiOx:H
layer from 2 nm to 8 nm results in an improvement of the fill
factor of the a-Si:H cell by 12% (FF = 69.1%).The open circuit
voltage𝑉oc of solar cells with p-type𝜇c-SiOx:H layers (0.93V)
is similar to solar cells with a p-type 𝜇c-Si:H contact layer.
Solar cells without a contact layer have a 𝑉oc of only 0.79V.
In Figure 6, the corresponding external quantum effi-
ciency EQE spectra of a-Si:H solar cells with a p-type 𝜇c-
Si:H contact layer (reference), p-type 𝜇c-SiOx:H contact layer
of different thicknesses, and without a contact layer are
presented. Particularly, in the short wavelength range some
differences between various layer stacks are evident. The a-
Si:H solar cells without contact layer reveal the highest EQE,
while, for the reference solar cell, the EQE is reduced in the
wavelength range between 320 and 600 nm. The quantum
efficiency in this wavelength range of the solar cells with a
2 nm thick p-type 𝜇c-SiOx:H layer is higher in comparison
to the reference. However, the EQE decreases with increasing
𝜇c-SiOx:H layer thickness. From the absorptance curves, it is
seen that no decrease in cell reflection was achieved in the
wavelength range between 350 and 550 nm by implementing
a 𝜇c-SiOx:H window layer with those applied thicknesses.
In Figure 7, the photovoltaic parameters (𝜂, FF, 𝑉oc, 𝐽sc)
of solar cells with p-type 𝜇c-SiOx:H as window layer with
TMB/SiH
4
ratio 𝑟TMB varying from 0.0017 to 0.0052 are
presented. The most pronounced effects are seen in the
fill factor, shown in Figure 7(b). For the solar cell with a
TMB/SiH
4
ratio of 0.0035, a maximum in FF was found.
Also, for the 𝑉oc, a maximum at the same 𝑟TMB is seen in
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Figure 7(c). Both effects result in a slight improvement in
efficiency compared to the reference solar cell, Figure 7(a). 𝐽sc
decreases slightly with increasing 𝑟TMB (Figure 7(d).
3.3. Investigations of a-Si:H Solar Cells on Various Front TCOs.
SEM images of different front TCOs (details given in Table 2)
are shown in Figure 8.The various surface topographies differ
in terms of structure type (crater or pyramid), structure
size, and steepness. These front side TCOs are ZnO:Al
with large and flat craters (type A), ZnO:Al with smaller
and steeper craters (type B), double textured ZnO:Al with
a primarily large crater structure containing a secondary
structure consisting ofmuch smaller and steeper craters (type
C), and Asahi type U SnO
2
:F with its typical pyramid-like
surface texture (type D).
The photovoltaic parameters of a-Si:H solar cells
deposited on different front TCOs with a p-type 𝜇c-Si:H
as well as with a p-type 𝜇c-SiOx:H as a contact layer are
presented in Figure 9. The p-type 𝜇c-SiOx:H layer was
deposited with a TMB/SiH
4
ratio of 0.0035, a CO
2
/SiH
4
ratio of 2.4, and a thickness of 8 nm. It is shown that a-Si:H
solar cells with a p-type 𝜇c-Si:H contact layer (displayed
as triangles in Figure 9) on type A and type C ZnO:Al
have an efficiency of around 9.4%. Solar cells deposited
on type-B ZnO:Al with small and steeper craters show an
enhanced efficiency of 9.9% which is in the same range of
solar cells deposited on Asahi type U SnO
2
:F. It is apparent
that the short-circuit current density 𝐽sc, fill factor (FF),
and open circuit voltage 𝑉oc show large variance for solar
cells deposited on different surface textures. For solar cells
deposited on types A and C TCO, the short-circuit current
density 𝐽sc is 14.8mA/cm
2. Solar cells deposited on types
B and D front TCO show a higher 𝐽sc of 15.2mA/cm
2 and
15.0mA/cm2, respectively. A reduced fill factor was observed
on a solar cell deposited on TCO type A (67%), while the
FF remains at about 70% for solar cells deposited on top of
TCOs types B, C, and D. Larger differences can be observed
in 𝑉oc. Solar cells deposited for types A and B ZnO:Al show
a 𝑉oc of 0.935V. For solar cells deposited on type C ZnO:Al,
the 𝑉oc is reduced by 0.03V.
In a further step, the same series of different front TCOs
were used for deposition of a-Si:H solar cells with a p-type𝜇c-
SiOx:H layer as a contact layer (shown as circles in Figure 9).
Generally the same trends for the different front TCOs are
seen with those cells. The application of 𝜇c-SiOx:H as a p-
layer is suitable for ZnO:Al and it is not suited for Asahi
type U SnO
2
:F, even though it is covered by a thin ZnO:Al
protection layer. This combination led to a significant drop
of FF and 𝐽sc. Also, the 𝑉oc was reduced. To conclude, the
introduction of p-type 𝜇c-SiOx:H resulted in a reduction of
efficiency of absolute 2%, when it was deposited on type D
front TCO. The highest 𝐽sc (15.4mA/cm
2) was achieved with
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Figure 7: (a) Efficiency 𝜂, (b) fill factor FF, (c) open circuit voltage𝑉oc and (d) short-circuit current density 𝐽sc of a-Si:H solar cells with p-type
𝜇c-SiO
𝑥
:H as window layer with various TMB/SiH
4
ratio 𝑟TMB; the reference is an a-Si:H solar cell with p-type 𝜇c-Si:H as a contact layer. The
dashed lines are guides to the eye.
a solar cell deposited on type B (firstly HF and subsequently
HCl etched) ZnO:Al with a p-type 𝜇c-SiOx:H.
In Figure 10, EQE measurements are presented to take a
closer look to the optical effects given by different front TCOs
as discussed in detail before. The EQE spectra show a-Si:H
solar cells with p-type 𝜇c-SiOx:H as a contact layer.
Beside the difference in the absorption edge of the
two different TCO materials ZnO:Al (types A to C) and
SnO
2
:F (type D), clear differences regarding light man-
agement between differently treated ZnO:Al are seen. The
EQEmeasurements approve the short-circuit current density
presented in Figure 9. Furthermore, differences with respect
of interference fringes visible in the long wavelength range
can be observed. More precisely, it is apparent that after the
single treatment with HCl as well as for the small features
of Asahi type U SnO
2
:F interferences remain and cause
a noticeable loss in the long wavelength range compared
to solar cells deposited on double etched ZnO:Al. Those
interferences are reduced for solar cells deposited on either
type B or type C ZnO:Al. The light incoupling is enhanced
significantly and the reflection loss is reduced. Same trends
are seen for solar cells with a p-type 𝜇c-Si:H contact layer,
not shown here.
4. Discussion and Summary
In the present work, we were able to tune the band gap of p-
type hydrogenated microcrystalline silicon oxide from 2.2 to
2.8 eV by increasing theCO
2
/SiH
4
ratio 𝑟CO
2
from 1.2 to 6. But
at the same time, while improving the optical transparency
the electrical conductivity dropped. A low conductive mate-
rial cannot be applied in a solar cell device without significant
loss of performance and it is apparent that there is a tradeoff
between transparency and electrical conductivity. Therefore,
𝑟CO
2
has to be chosen in a way resulting in a wider band gap
for a higher transparency, a relatively low refractive index,
and at the same time a sufficient electrical conductivity. It
is seen that, for p-type 𝜇c-SiOx:H, prepared in this study, a
CO
2
/SiH
4
ratio of 2.4 (𝑟O,RBS = 0.5) or lower is crucial for
applications in a solar cell. Besides, the oxygen content in the
mixed phase material reduces its crystallinity from an 𝑟CO
2
>
2.4.
On the other hand, a strong influence on Ic is seen
in Figure 4 for the variation of 𝑟TMB. In that case, the
amount of dopant sensitively affects the material’s electrical
conductivity. To be more precise, a certain amount of TMB is
needed, whereas too much of it corrupts the material’s crys-
tallinity and with that the electrical conductivity. Therefore,
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Figure 8: SEM images of front TCOs described in Table 2. Type A: HCl etched ZnO:Al with large craters, type B: HF and HCl etched ZnO:Al
with small and steeper craters, type C: HCl and HF etched ZnO:Al with large and small crater features (double texture), and type D: Asahi
type U SnO
2
:F pyramid-like surface topography.
an optimized dopant concentration is essential to provide an
adequate conductivity.
The same findings are confirmed by a series of solar cell
results where 𝑟TMB for the p-type 𝜇c-SiOx:H layer was varied
in small ranges (see Figure 7). Here, it is shown that the
optimum for the TMB/SiH
4
ratio resulted in an improvement
of fill factor and therefore in an improvement of conversion
efficiency. Another important finding was that not only the
composition of process gases but also the thickness of the p-
type 𝜇c-SiOx:H affects the FF strongly, as shown in Figure 5.
The results reveal that a certain thickness is essential for
a low resistive ohmic contact between ZnO:Al and the p-
layer. However, thicker layers lead to additional absorptions
(Figure 6) and increased series resistance. Though a reduced
absorption within the contact layer, achieved by replacing
a p-type 𝜇c-Si:H layer with a more transparent p-type 𝜇c-
SiOx:H, could be achieved, it can be concluded that finding
a well-balanced contact layer thickness is essential for a high
conversion efficiency of a solar cell.
Investigations of a-Si:H solar cells deposited on various
front textures point out differences in terms of electrical
and optical properties. Regarding the short-circuit current
of a-Si:H solar cells, good performances are achieved for
type B and type D front side TCOs. This is driven by
the, particularly for a-Si:H solar cells, highly suitable light
scattering provided by those textures. Particularly for type B
TCO, which contains smaller and steeper crater structures
in comparison to type A TCO an improved 𝐽sc is observed.
From the results of the EQE measurement, an enhanced
light incoupling is approved. Also, the solar cell reflection
is reduced over the complete wavelength range. For type
C TCO (HCl and HF etched ZnO:Al), a decreased 𝑉oc of
about 30mV is measured.This could be a cause of the typical
crater structure created by the wet chemical etching step with
hydrofluoric acid [21]. It is supposed that the small and steep
features in the front texture lead to a loss in open circuit
voltage. However, no correlation between autocorrelation
length or RMS roughness and 𝑉oc can be seen. But what
can be observed is a correlation between the 𝑉oc and the
surface area of different front side TCOs. Each surface area
can be calculated from AFM data. The normalized surface
area 𝐴norm (surface area of a nontextured ZnO:Al is defined
as 1 cm2) is displayed as a function of the 𝑉oc (Figure 11).
It is shown that with larger surface areas a decrease in
𝑉oc occurs. A possible explanation for that coherence is an
enhanced surface recombination between electrons and holes
at the larger TCO/p-layer interface area. Other publications
associate the decrease of𝑉oc with the formation of cracks and
an enhanced recombination in the bulk material [22].
The application of𝜇c-SiOx:H as a p-layer on top of various
front contacts leads to different observations. In Figure 9(d),
it is seen that the 𝜇c-SiOx:H layer improves the short-circuit
current of solar cells deposited on type B TCO in contrast
to other front textures. A reason for that might be the good
light incoupling texture consisting of smaller craters (ACL
490 nm). It is possible that the improved light incoupling is
additionally enhanced by the low refractive index and low
absorption of p-type 𝜇c-SiOx:H layer. In the case of type
D TCO (SnO
2
:F Asahi type U), p-type 𝜇c-SiOx:H causes a
strong decrease of FF and 𝐽sc. An explanation could be that
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Figure 9: (a) Efficiency 𝜂, (b) fill factor (FF), (c) open circuit voltage 𝑉oc, and (d) short-circuit current density 𝐽sc of a-Si:H solar cells with
p-type 𝜇c-Si:H (triangles) and p-type 𝜇c-SiO
𝑥
:H (circles) deposited on various front TCOs consisting of type A (HCl etched ZnO:Al); type
B (first HCl subsequently HF etched ZnO:Al); type C (first HF subsequently HCl etched ZnO:Al); and type D (Asahi type U SnO
2
:F). The
dashed line represents solar cell characteristics of an a-Si:H solar cell without any contact layer, that is, only a p-type a-SiC:H layer.
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Figure 10: External quantum efficiency (EQE) and the absorptance
of a-Si:H cell deposited on various types of front TCOs with p-type
𝜇c-SiO
𝑥
:H as a contact layer.
the combination of high power density, high H
2
dilution, and
high deposition pressure used for deposition of the p-type
𝜇c-SiOx:H caused a reduction of SnO2:F front contact even
though it is covered by a thin ZnO:Al layer for protection. It
has been reported that hydrogen plasma can cause formation
of elementary Sn and SiO
2
which result in high absorption
and a reduction of fill factor in solar cells [7, 23]. For all front
textures, a lower 𝑉oc is observed when a p-type 𝜇c-SiOx:H
layer was used as a contact layer instead of a p-type 𝜇c-Si:H
layer. A possible explanation for this might be that the p-type
𝜇c-SiOx:H has an insufficient doping. However, an increased
TMB-flow would not lead to a better result since, as seen in
Figures 4 and 7, a higher amount of the dopant would cause a
decrease of crystallinity which will again negatively influence
the fill factor.
5. Conclusions
In this work, we have studied material characteristics like
electrical conductivity, band gap, and refractive index of
p-type 𝜇c-SiOx:H and how they change by using different
deposition parameters. As key attributes of a player to provide
adequate electrical properties, p-type 𝜇c-SiOx:H layers were
fabricated with a conductivity up to more than 10−2 S/cm and
a Raman crystallinity of over 60%. It is seen that there is
a tradeoff between transparency and electrical conductivity.
The optical properties of p-type 𝜇c-SiOx:H can be tuned over
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a broad range (2.1 eV < 𝐸
04
< 2.8 eV and 𝑛
1000 nm down to
1.6) by adapting deposition parameters like CO
2
/SiH
4
ratio
in the gas mixture. These material properties are similar to
the previous findings for n-type 𝜇c-SiOx:H material [2, 3].
The photovoltaic parameters of the fabricated a-Si:H solar
cells show that sensitive changes in layer thickness and also in
the amount of the dopant TMB cause large effects on the fill
factor. Slightly higher conversion efficiencies were achieved
by implementing p-type 𝜇c-SiOx:H.
Different front side TCO materials and surface textures
have been investigated and compared. They show clear
differences with respect to 𝑉oc and 𝐽sc. A correlation between
the 𝑉oc and the surface area of the front side TCO, calculated
fromAFMmeasurements, has been observed. It is seen that a
larger surface area leads to a decrease of 𝑉oc. An explanation
is given by an enhanced surface recombination at the larger
TCO/p-layer interface area.Moreover, similar trends are seen
for the two different contact layers p-type 𝜇c-Si:H and p-
type 𝜇c-SiOx:H. The best result (𝜂 = 9.9%) was found on
ZnO:Al with small and steeper craters for both types of p-
doped layers. That means that an efficiency improvement of
absolutely 0.5% was achieved in comparison to the reference
solar cell deposited on only HCl etched ZnO:Al.
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